Kondo-like behavior near the metal-to-insulator transition of nano-scale granular 

aluminum 
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We show that transport properties of nano-scale granular Aluminum films near the metal to 
insulator transition are similar to those of Kondo systems. This similarity implies the existence of 
a spin-flip scattering mechanism related to the small grain size. We propose that a shell electronic 
structure in at least a fraction of the grains may be at the origin of this mechanism. Degenerate 
states of this shell structure may also contribute to an elevated superconducting critical temperature. 

PACS numbers: 74.81. Bd, 36.40.-c, 72.15. Qm 



Several years ago, Kubo predicted that small metal- 
lic particles having an odd number of electrons should 
bear a magnetic moment due to the presence of a sin- 
gle electron in the highest occupied level [if. Kawabata 
extended Kubo's treatment to the case of aggregates of 
weakly coupled particles 0. His predictions have re- 
mained unverified. 

We present new transport measurements on aluminum 
films consisting of nano-scale Al grains weakly coupled 
through thin Al oxide barriers [3J. Their grain size of 
about 2 nm and their inter-grain coupling are such that 
the Kubo-Kawabata conditions [l], for the existence 
of localized magnetic moments are fulfilled. We find 
that near the metal to insulator transition their magneto- 
resistance is negative and scales with (H/T) with an ex- 
ponent close to 2 up to about 100 K, a behavior that in- 
dicates the existence of a spin-flip scattering mechanism 
which is well known for canonical Kondo systems 0, [|| . 
Additionally samples having a positive resistance temper- 
ature coefficient (metallic behavior) present a minimum 
of resistance at a temperature T m of several 10 K de- 
pending on the film's resistivity; a logarithmic increase 
below T m ; and a negative curvature of the R(T) curves 
above T m , as found in Kondo lattices. 

This suggests that small metallic grains weakly coupled 
to their environment can behave like magnetic impurities 
in a metallic matrix. By drawing a parallel with the case 
of magnetic impurities treated by Anderson Q , we show 
that the existence of an electronic shell structure in these 
small grains 0] may explain the occurrence of local mag- 
netic moments. We briefly consider how this electronic 
shell structure may also lead to the enhanced supercon- 
ducting critical temperature seen in these films [8j. 

Samples were prepared by thermal evaporation of Al 
from ceramic crucibles under a reduced pressure of oxy- 
gen. Substrates were cooled by liquid nitrogen during 
evaporation. The normal state resistivity of the films was 
controlled by the oxygen pressure used during evapora- 
tion and by the evaporation rate. Samples whose Kondo- 
like properties are as mentioned above have normal state 
resistivities ranging from about 100 /iQcm up to several 
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TABLE I. Characteristics of selected samples. Ap was ob- 
tained at 20 K and 14 T. (*) was not measured for the sample 



1000 /iQcm . In that range the grains size does not vary 
much and is of about 2 nm Q. The films, about 100 nm 
thick, are three dimensional in the sense that their thick- 
ness is more than one order of magnitude larger than the 
grain size. They are superconducting with a critical tem- 
perature of about 3.2 K with a sharp transition (width of 
about 0.01 K) indicating a high degree of homogeneity. 
Fine control of these evaporation parameters has allowed 
a detailed study of the immediate vicinity of the metal 
to insulator transition. 



Figure [T] shows the temperature dependence of the re- 
sistance of a number of films having a small resistance 
coefficient of temperature. Table U summarizes some of 
their properties. 

While from earlier measurements films were sim- 
ply classified as metallic (dR/dT > 0) or insulating 
(dR/dT < 0) a close examination of Fig. [T] shows that 
R(T) curves have a non-trivial structure. For resistivities 
less than s» 300 /iQcm , the behavior is indeed metallic- 
like, but with a minimum of resistance at a temperature 
T m that increases with the normal state resistivity. The 
resistance reaches a maximum at a temperature Tm , be- 
low which starts a decrease towards the superconducting 
transition. We show in Fig. [5] a more detailed view of the 
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FIG. 1. Temperature dependence of the normalized resistivity 
of selected samples near the metal to insulator transition. A 
negative curvature and resistivity minimum are observed in 
films with p < 300/ificm . 
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FIG. 2. Zoom-in on low resistivity sample (#237) which 
shows negative curvature at high temperature, resistivity min- 
imum and log(T) dependence (inset) 



behavior of one of these metallic films. As shown in the 
inset, below T m the resistance rises logarithmically. 

The resistance minimum and logarithmic rise at low 
temperatures might be interpreted as due to weak elec- 
tron localization [9] . One difficulty with this localization 
interpretation is that above T m , R(T) displays a nega- 
tive curvature. A negative curvature cannot be due to 
electron localization, which only adds to the resistance 
arising from electron-phonon or electron-electron scat- 
tering mechanisms at high and low temperatures respec- 
tively. On the other hand, it is a known propert y o f 
Kondo lattices such as CePd^Ali [lfjj, CeRhSn 2 jllj . 
NdNiAli [l2[ , and of high temperature superconductors 
in their under-doped regime where it is widely thought 
to be due to the opening of a spin gap [3] • 

For resistivities larger than w 300 fiflcm , the films 
resistance rises monotonically as the temperature is re- 
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FIG. 3. (a) MR of a high resistivity sample (#2425), showing 
a (nearly) quadratic dependence, (b) The MR scales with 
H/T as expected for a spin flip scattering mechanism [jj. 



duced. A logarithmic increase of resistance of high resis- 
tivity films at low temperatures was noted previously [§] . 
Fig. [1] shows that they also display a range of temper- 
atures where the second derivative is negative (Sample 
#408). 

All films listed in Table U have a negative magneto- 
resistance (MR) above Tm , up to a temperature of the 
order of 100 K. This negative MR does not saturate 
up to the highest field reached (14 T in most cases). 
Below Tm the behavior of the MR is more complex, 
which is clearly influenced by superconductin g flu ctua- 
tions, known as the Ghost Critical Field effect [14] . 



Figure 3(a) shows a set of MR data obtained on a 
high resistivity sample above Tm ■ Because the loga- 
rithmic resistance increase at low temperature and the 
negative curvature of R(T) suggest the presence of spin- 
flip scattering of conduction electrons, we have examined 
whether the MR data scales as a function of (H/T), as 
it does and is theoretically predicted in canonical Kondo 
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systems consisting of a metallic matrix and magnetic im- 
purities 0, Q. Figure [3(b)] shows that this scaling is well 
obeyed in our samples for a range of temperatures from 
about 15 to 20 K (outside the range of superconducting 
fluctuations) up to a temperature of about 70 to 90 K, 
somewhat below that where the negative MR cannot be 
detected anymore. The dependence on (H/T) is nearly 
parabolic. The MR of lower resistivity films also scales 
as a function of (H/T) but the range of fields where it 
does so with an exponent close to 2 is limited. 

However, weak electron localization also results in a 
negative magneto-resistance if spin-orbit scattering is 
negligible. But here again there are difficulties with this 
interpretation. It has indeed been proposed as the origin 
of the negative magneto-resistance previously observed 
in granular Al films at low temperatures (lBT ]. However, 
as noted by the authors, the observed MR temperature 
dependence at low fields did not agree with theory. It 
should be determined by that of the electron inelastic 
scattering time Ti n which, as shown by Kawabata, varies 
in three dimensions as T -3p / 2 [l6j]. At low temperatures 
where electron-electron scattering dominates, p = 1. But 
Chui et al. found for their metallic samples an expo- 
nent of T smaller than 1 below 10 K 15j. In our case 
the disagreement is even more serious. Because we are 
at high temperatures where electron-phonon scattering 
dominates (in practice above 10 K for Al 17[), p = 3 and 
an exponent of 9/2 is expected. This is very far from the 
exponent close to 2 that we have found, and rules out 
electron localization as the dominant mechanism for the 
negative magneto-resistance that we observe, at least at 
high temperatures where it would quickly disappear. 

We thus turn back our attention to spin-flip scattering 
as a more likely origin of the observed negative magneto- 
resistance. The occurrence of Kubo moments in small 
grains having an odd number of electrons [l[ is not in 
itself sufficient to produce spin-flip scattering. Spin-flip 
scattering requires the co-existence of localized moments 
and conduction electrons, as happens when certain impu- 
rities are in solution in a metallic matrix, for instance Fe 
in Cu. Anderson has shown that impurities in a metal 
can bear a magnetic moment under two conditions @. 
The first is that the atomic electron wave function on 
the impurity's shell is very different from that of the 
conduction electrons. This condition is automatically 
fulfilled for atomic d states while conduction electrons 
belong to an s or p band. The second condition is that 
the Coulomb on-site interaction be larger than the kinetic 
energy gained by mixing the on-site and conduction elec- 
trons wave functions. 

In our case, fulfilling the first condition is not at all 
trivial. The intra-grain electrons wave functions do not 
necessarily have a symmetry radically different from that 
of conduction electrons. If a grain is considered as a 
box, the wave functions of valence electrons are simi- 
lar to those of the s or p electrons forming conduction 



bands. A radically different symmetry can only occur if 
the grains are small and nearly spherical so as to have 
an electronic shell structure, as is known to occur for 
small enough clusters having a few hundred valence elec- 



trons [18( . The shell orbitals are then very different from 
the wave functions of conduction electrons and may play 
the same role as the d orbitals in the Anderson problem. 
This corresponds in the case of Al to grain sizes of one 
to two nano-meters, as found in our films. TEM pictures 
show grains that are not far from being spherical and in 
any case do not have facets. 

Since the charging energy of a 2 nm grain is on the 
order of 0.1 eV [19j , the second condition can in prin- 
ciple be fulfilled. More precisely it can be expressed in 
terms of the parameters used by Kawabata [2|. Within 
a coefficient of order unity the transfer energy t is given 
in terms of the electron's wave vector k, the penetration 
length in the barrier ft -1 , the grain's radius a and the 
barrier thickness d: 

t = 2-/3 h kK c- Kd (1) 
ma 2 k 2 + k 2 



The electrostatic charging energy U is given by: 



u= e - 

ea 



(2) 



fid 



(3) 



where e is the dielectric constant of the medium sur- 
rounding the grain. 

Finally, for an electron near the Fermi level and a bar- 
rier height of several eV, we have approximately: 

l - « 2v^< 
U a 

where clq is the Bohr radius. The second Anderson condi- 
tion is that this quantity needs to be smaller than unity 
for magnetic moments on the grains to occur. Taking 
for the dielectric constant the value of AI2O3 , e = 10, 
and clq/ a — 0.05, U is of the order of 50 meV, and 
the pre-factor of the exponential is of order unity. In 
fact it is likely to be somewhat smaller than unity since 
screening by the remaining conduction electrons will tend 
to enhance the value of the effective dielectric constant. 
It is the thickness of the AI2O3 inter-grain barrier that 
then determines whether the second Anderson condition 
is met. For the set of parameters used by Kawabata 
(barrier height of 5 eV and a barrier thickness of 3 A), 
e -Kd ^ o.03 and this condition is met The remaining 
question is whether for such barriers the granular medium 
is not already an insulator. This, however, appears not to 
be the case as the barrier thickness in non-insulator films 
similar to those studied here has been found by Zieman 
et al. [2Cj to be even thicker than 3A 

According to Beal-Monod and Weiner the negative 
magneto-resistance for the case of dilute magnetic im- 
purities is given in the limit fxH^k^T by: 

37r m 



Ap 



cvq J 2 a 2 u 



2e F e 2 H 



(4) 
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where tp is the Fermi energy, c the magnetic impurities 
concentration, vq the atomic volume, J the interaction 
parameter, a = (gpiBH/kgT), and it is a number of or- 
der unity given as a function of the spin S of the mag- 
netic impurity, the Coulomb interaction V and the other 
parameters entering in Eq. |U 5] . As remarked by Beal- 
Monod and Weiner the negative magneto-resistance is 
driven primarily by the progressive freezing out of spin- 
flip scattering when a is increased We assume that 
this will also be the case in our granular medium. Al- 
though many of the parameters entering into Eq. 0] are 
not known for our case, we retain the general idea that 
in the small field/high temperature limit the MR of a 
given sample should vary as a 2 , and that the concentra- 
tion c will be that of clusters having the shell structure, 
which will vary from sample to sample. In the range of 
samples studied here the grain size distribution does not 
vary much, the main difference between samples is the 
thickness of the oxide barriers, which increases with the 
resistivity. As it increases, more clusters should fulfill 
the first Anderson condition leading to an increased MR 
amplitude for a given value of a. 



We show in Fig. 4(a) how the MR amplitude varies 
as a function of temperature for a set field of 14 T, for 
a series of samples. The MR amplitude is seen to rise 
considerably with resistivity. As can be seen in Fig. |4(b)| 
all the data scale in the same way with temperature, as 
expected. 

The combined observations of a resistance minimum, a 
logarithmic resistance increase below the temperature of 
that minimum, the negative curvature of R(T) above it, 
and the scaling of the negative magneto-resistance with 
(H/T) strongly suggest the presence of spin flip scattering 
in nano-scale granular Al films near the metal to insulator 
transition. The overall resemblance of the behavior of 
the resistivity and the magneto-resistance of nano-scale 
granular Al films with that of Kondo systems is striking. 
We have reached the conclusion that the negative MR 
that we observe can be understood if at least a fraction 
of the metallic grains have an electronic shell structure. 

According to Capone et al. , the presence of on-site de- 
generate states, as may occur on the shell structure, can 
result in an important enhancement of superconductivity 
due to strong correlation effects near the metal to insula- 
tor transition [2l[ . Alternatively it has been proposed by 
Kresin and Ovchinnikov (l8j , following an earlier work of 
Friedel [22], that small metallic clusters having an elec- 
tronic shell structure could have a very high critical tem- 
perature. Another factor to be taken into account is the 
instability of small clusters, whose shape varies with the 
number of electrons on the shell 



23|. 



Further theoretical and experimental work, for in- 
stance local STM gap measurements, are necessary to es- 
tablish whether either explanation of the enhanced T c of 
granular films near the metal to insulator transition is 
the right one. 
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FIG. 4. Ap/p as a function of temperature for selected sam- 
ples at field of 14 T. Figure (a) shows the negative MR en- 
hancement with room temperature resistivity. Figure (b) 
shows that the temperature dependence is similar on all of 
our samples after scaling the raw data to the same maximum 
amplitude. 
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